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Abstract
To determine the manner in which attention is distributed among numerous locations in the visual space, we used a multifocal
recording technique that allowed simultaneous recordings of evoked cortical activity from 12 visual ﬁeld areas out to 23.6. We
found that multifocal visual evoked potential (mfVEP) amplitude was larger when a region of visual space was attended than when it
was not attended. The magnitude of this eﬀect was inversely related to visual ﬁeld eccentricity and there was no attention-related
modulation of VEP amplitude for the most eccentric region. In addition, we found that mfVEP amplitudes in the regions contiguous
to the attended region could also be larger, depending upon their spatial relationship to the attended region. Speciﬁcally, amplitudes
in more central regions on the ‘meridian of attention’ were larger when the subject attended anywhere along that meridian.  2002
Elsevier Science Ltd. All rights reserved.
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1. Introduction
The theories that attempt to account for the alloca-
tion of spatial selective attention fall along a continuum
ranging from those positing a narrowly focus to those
positing a broad gradient. At one end of this spectrum,
visual attention is thought of as a ‘spotlight’ directed at
a single location, with processing of surrounding items
not facilitated or perhaps inhibited (Brefczynski &
DeYoe, 1999; Broadbent, 1958; Posner, 1980; Treisman &
Gelade, 1980). At the other end of the spectrum, there is
a spatial gradient of attention, with its maximum at the
locus of attention and with a gradual decrease as a
function of distance from that locus (Downing & Pin-
ker, 1985; Eriksen & Hoﬀman, 1973; Eriksen & St.
James, 1986; LaBerge & Brown, 1986; Mangun & Hill-
yard, 1987; Shulman, Wilson, & Sheehy, 1985; Teder-
Salejarvi & Hillyard, 1998). The speciﬁcs of the pattern
of allocation may depend upon the demands of the task
and instructions to the subject (Eriksen & Yeh, 1985;
Jonides, 1983; LaBerge, 1983). In the majority of ex-
periments that examined the spatial properties of visual
attention, the subject was required to ﬁxate centrally
and direct covert attention to a single target whose lo-
cation was cued. Comparisons were then made between
targets presented at cued locations and targets presented
at non-cued locations. Although this general paradigm
has yielded much information, the knowledge gained
about the spatial distribution of attention across a large
portion of the visual ﬁeld is limited because of the re-
strictions on the number of targets that could be re-
sponded to simultaneously.
In the present work, we examined how visual atten-
tion is allocated when many contiguous targets are
presented at the same time. To accomplish this, we used
the visual evoked potential (VEP) as a non-invasive
method of assessing visual processing at its earliest
stages. The VEP is an averaged potential recorded from
an electrode placed on the scalp over the primary visual
cortex, and its components have sources localized in
striate and extrastriate cortex (Arroyo, Lesser, Poon,
Webber, & Gordon, 1997; Bonmassar et al., 2001;
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Givre, Schroeder, & Arezzo, 1994; Martinez et al., 2001;
Schroeder, Tenke, Givre, Arezzo, & Vaughan, 1991).
Eason, Harter, and White (1969) and later, others
(Hillyard, Vogel, & Luck, 1998; Luck & Hillyard, 1990;
Mangun & Hillyard, 1987; Van Voorhis & Hillyard,
1977) demonstrated that VEP amplitude increased with
arousal and selective attention. These eﬀects on evoked
potential amplitude were observed beginning around 70
ms (Mangun, 1995; Mangun & Hillyard, 1987) and up
to 400 ms or later, following stimulus onset (Hopf &
Mangun, 2000; Kutas & Hillyard, 1980). However, as-
sessment of the spatial distribution of the electrophysi-
ological attention mechanism was not accomplished in
previous studies, as VEPs were mainly recorded in re-
sponse to one stimulus at a time, with sequential pre-
sentations of spatially isolated stimuli.
Here, we used the multifocal technique (Sutter, 2000;
Sutter & Tran, 1992) to simultaneously record evoked
responses from 12 contiguous spatial regions in the vi-
sual ﬁeld. The multifocal electroretinogram has achieved
widespread use as a tool for mapping the topographical
distribution of the eﬀects of outer retinal diseases
(Hood, 2000). More recently, the multifocal VEP
(mfVEP) has proved to be useful for assessing visual
dysfunction in diseases aﬀecting localized regions of the
visual ﬁeld (Hood, Odel, & Zhang, 2000; Klistorner,
Graham, Grigg, & Billson, 1998).
2. Methods
2.1. Subjects
Five normally sighted subjects (ages ranging from 22
to 54 years) participated in this study. All were trained
psychophysical observers and were given instructions
and practice in directing visual attention.
2.2. Stimulus
The stimulus was displayed on a black and white
monitor driven at a frame rate of 75 Hz. The mfVEP
stimulus array consisted of 12 regions: four quadrants,
each containing three concentric regions (Fig. 1a). At
the 32 cm viewing distance, the eccentricities of the in-
nermost regions ranged from 0 to 2.7, the mid-regions
extended to 10.6, and the outermost regions extended
to 23.6. Each inner segment had six checks––three
white (280 cd/m2) and three black (2 cd/m2), each middle
region had eight checks, and each outer region had four
checks (Fig. 1b). The high-contrast checkerboard in
each region had a probability of 0.5 of contrast reversing
on any frame changes (0F), and the pattern of reversals
for each region followed a pseudo-random (m) sequence
(Baseler, Sutter, Klein, & Carney, 1994; Sutter, 2000;
Sutter & Tran, 1992).
Fig. 1. (a) Outline of the 12 regions and (b) basic checkerboard stimulus used in this experiment. (c) An example of the mfVEPs obtained from one
subject in response to the contrast reversing checkerboard patterns in each of the 12 regions.
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2.3. Multifocal visual evoked potential recording
The active electrode was placed on the midline, 4 cm
above the inion and referenced to an electrode placed
over the inion. An electrode placed on the forehead
served as ground. The raw EEG was bandpass ﬁltered
(1–100 Hz) and ampliﬁed 100 K. The ampliﬁed signal
was digitized (1200 Hz), and second-order local mfVEP
responses were calculated using the VERIS software.
The ‘artifact removal’ and ‘averaging with neighbors’
options were turned oﬀ. The total recording time for
each condition (303800) was divided into 16 short epochs
(13.65 s/epoch) in order to maximize the subject’s
compliance with the attention demands of the task.
2.4. Analysis
In the analysis, local mfVEP responses were obtained
by cross-correlating the EEG with the local m-sequence:
summing all records following frames with a pattern
reversal in that location and subtracting all records
following frames with no pattern reversal (Sutter, 2000).
The checkerboard pattern in each region underwent
approximately 8200 reversals in each condition. An ex-
ample of the 12 spatially localized mfVEP waveforms
from one subject is shown in Fig. 1c. Since our active
electrode was positioned approximately between pro-
jections of the upper and lower visual ﬁelds, the wave-
forms were inverted across the horizontal midline. The
second-order mfVEP response for each region was ex-
ported from the VERIS system, and the root-mean-
square (RMS) voltage was calculated using a custom
MATLAB program. The results are reported as the
ratio of RMS voltages for the ‘attend’ condition to RMS
voltages for the corresponding ‘no attend’ condition.
2.5. Procedure
In separate experiments, the subject was instructed to
ﬁxate centrally and selectively attend to one of the re-
gions. Attention to one region was possible since the
m-sequence in each region of the display began at a
diﬀerent point. Therefore, although all regions were re-
versing, the patterns of reversals in the regions were not
synchronized and each region appeared unique to the
subject. Conditions requiring no speciﬁc attention task
(‘A’) were counterbalanced with conditions requiring
sustained spatial attention (‘B’) in an ABBA design.
This design allowed assessment of change in the evoked
response due to attention demand (ratio of ‘B’ to ‘A’
amplitudes) and assessment of the repeatability of the
responses under ‘no attend’ conditions (‘A1’ to ‘A2’
ratio). During the ‘attend’ conditions (‘B’ conditions of
the design), a laser pointer was ﬂashed onto the area to be
attended. The duration of these ﬂashes was approxi-
mately 1 s, and ﬂashes were presented at pseudo-random
intervals. The subject’s task was to maintain central
ﬁxation, covertly attend to an eccentric region, and
count the number of ﬂashes that appeared in the at-
tended area. The number of ﬂashes was reported after
each epoch. In control studies, the occurrences of these
light ﬂashes during ‘no attend’ conditions (and with no
counting task) did not signiﬁcantly alter the mfVEP
amplitude. In the ‘no attend’ conditions (‘A’ conditions
of the design), the subject was instructed to ﬁxate cen-
trally and maintain visual attention uniformly to the
entire ﬁeld (i.e., not to direct their attention to any
particular spatial region). Fixation and eye movements
were monitored by viewing the subject’s pupil with a
CCD camera. Trials with losses of central ﬁxation,
saccades, reported losses of attention, or incorrect ﬂash
counts were discarded and re-recorded.
3. Results
3.1. Experiment 1
In the ﬁrst experiment, we determined whether at-
tention-related increases in mfVEP amplitude could be
observed. We recorded responses to two isolated regions
of our display with the 10 remaining regions masked
(Fig. 2a). Our subject’s task was to ﬁxate on an ‘X’ in the
center of the display and either to passively view the
display and attend to no particular region (‘no attend’
condition) or to covertly and selectively attend to one
of the lower left regions (‘attend’ condition). The physi-
cal stimulus was exactly the same for both conditions
and only the attention task changed. Examples of the
mfVEPs recorded in these isolated regions from one
subject are presented in Fig. 2b. On separate trials, the
attended region was either the lower left inner, lower left
mid-, or lower left outer region. The upper right region
was never attended. For the inner and mid-regions, the
‘attend’ condition (solid lines) produced larger mfVEP
amplitudes relative to the mfVEP amplitude evoked
from the same regions during the ‘no attend’ condition
(dashed lines). The mfVEP amplitude in the upper right
region remained constant or decreased during the ‘at-
tend’ (to the lower left region) conditions. The timing
of the responses did not vary between ‘attend’ and
‘no-attend’ conditions.
The ratios of mfVEP amplitude for the ‘attend’ con-
dition relative to the amplitude for the ‘no attend’ con-
dition are plotted in Fig. 2c for the lower left (circles) and
upper right (diamonds) regions. To examine the relative
contribution of attention as a function of component
latency, RMS voltages were calculated separately for
three time intervals: 70–120, 120–170, and 170–220 ms.
Repeated measures ANOVAs were performed on
each of the three sets of data presented in Fig. 2c. For
each, there were two main eﬀects: attention and time
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interval. The attention main eﬀect tested whether the
‘attend’ to ‘no attend’ RMS ratios were statistically
diﬀerent for the upper right (ignored) region versus the
lower left (attended) region (collapsed across time). The
second main eﬀect tested whether there was a diﬀerence
as a function of time interval (collapsed across region).
This design also yielded an attention by time interaction.
Attending to the inner region (Fig. 2c, top panel)
caused a signiﬁcant increase in mfVEP amplitude in that
region (repeated measures ANOVA: main eﬀect of at-
tend condition––F ½1; 4 ¼ 95:10, P < 0:001; main eﬀect
of time interval––F ½2; 8 ¼ 3:72, P ¼ 0:04). A signiﬁcant
interaction of attend condition with time interval was
found for the ‘attend’ inner region condition (F ½2; 8 ¼
4:17, P ¼ 0:02), with signiﬁcantly larger ratios for the
two later intervals than for the earlier interval (P <
0:001). Planned comparisons were conducted to deter-
mine whether any of the ratios were statistically dif-
ferent from the ratios of the corresponding time interval
in the same region for the repeated ‘no attend’ condi-
tions. Attending to the inner lower left region sig-
niﬁcantly increased all of the RMS amplitudes for all
time intervals (P 6 0:01). There was no signiﬁcant sup-
pression in the upper left responses. Attending to the
mid-region also increased mfVEP amplitude, but to a
lesser extent (Fig. 2c, middle panel) (Attend: F ½1; 4 ¼
186:8, P < 0:001; time: F ½2; 8 ¼ 7:0, P ¼ 0:004, Attend
by Time: F ½2; 8 ¼ 10:9, P < 0:001). Post-hoc analysis
showed that the attention eﬀect in the earliest time
interval was signiﬁcantly less than that in the latest
Fig. 2. (a) Three stimulus conﬁgurations for the isolated-region experiment. The inner, mid, or lower left region (from top to bottom of the ﬁgure)
was attended. (b) mfVEPs obtained from the lower left and upper right regions from one subject are shown. Solid lines are from the ‘attend’
conditions, and dashed lines are from the ‘no attend’ conditions. (c) Averaged ratios (N ¼ 5) of mfVEP amplitudes in the ‘attend’ to ‘no attend’
conditions for the lower left (circles) and upper right (diamonds) regions. Ratios signiﬁcantly diﬀerent from ‘no attend’ repeatability are indicated
with ‘*’.
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interval for the attended mid-region. For the ignored
upper region, the earliest and latest time interval ratios
were signiﬁcantly higher than the middle time interval
ratio. Planned comparisons demonstrated signiﬁcant
attention related enhancement of amplitude for the
middle (P ¼ 0:009) and later (P ¼ 0:01) time intervals
and signiﬁcant suppression of amplitude of the response
to the upper left region in the 120–170 ms time interval
(P ¼ 0:03).
There was no signiﬁcant eﬀect on mfVEP amplitude
when the outer region was attended (Fig. 2c, bottom
panel), nor were any of the ratios statistically diﬀerent
from the ratios of the ‘no attend’ repeats. This ﬁnding
was not due to dipole orientation of more peripheral
visual ﬁelds relative to our electrode position. Although
it would be expected that the cortical generators of the
responses to these peripheral regions would be remote
from our Oz electrode placement, it can be seen that
robust mfVEPs are recorded to the peripheral regions
(Fig. 1c). This may be due to the scaling of the area of
each region area and scaling of check size with eccen-
tricity in our stimulus. More important, our dependent
measure was the change in amplitude as a function of
spatially selective attention. In other words, this mea-
sure is independent of the absolute amplitude recorded
in each region. We recorded mfVEPs from the periph-
eral regions under both ‘no attend’ and ‘attend’ condi-
tions using the same physical stimulus; we found that
these amplitudes were not inﬂuenced by selective spatial
attention to the outer region.
3.2. Experiment 2
Having demonstrated that selective attention in-
creases mfVEP amplitude to spatially isolated regions,
the spatial distribution of this visual attention eﬀect was
quantiﬁed by measuring mfVEP responses to all 12 re-
gions simultaneously. The subject’s task remained the
same as in the ﬁrst experiment but the entire stimulus
array was presented on every trial. In separate trials,
either the inner, mid-, or outer region was attended
(attended region indicated in red in Fig. 3a). We also
Fig. 3. (a) The stimulus conﬁgurations for the ‘attend’ conditions in Experiment 2. In separate trials, the subject was instructed to attend to the inner
(top panel), mid- (middle panel), or outer region (bottom panel) (attended region is indicated in red). (b) Average (N ¼ 5) amplitude ratios of the
‘attend’ to the ‘no attend’ conditions for each region are shown as color plots. The color in each region indicates the magnitude of the ratio, as shown
in the legend. Ratios signiﬁcantly diﬀerent from ‘no attend’ repeatability are indicated with ‘*’.
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used an ABBA design for this experiment, where the
results from ‘no attend’ conditions (‘A’) were compared
to ‘attend’ (‘B’) conditions. The results are presented in
Fig. 3b as the mean ratio of RMS amplitude for the
‘attend’ condition relative to the amplitude for the ‘no
attend’ condition for the waveform interval from 70–220
ms. If attention-related increases in amplitude were lo-
calized to only one spatial region, we would expect that
the mfVEP response in that region would be larger than
the response in the same region under the ‘no attend’
condition. Based on this prediction, mfVEP amplitudes
in the remaining 11 regions would be unchanged, or
decreased. If, on the other hand, there was a spread of
attention, mfVEP amplitude in the attended region
would show the largest increase; the amplitudes of sur-
rounding regions would show smaller increases, which
would vary in magnitude depending upon the distance
from the attended region.
For each region, we used paired t-tests to determine if
the increases in amplitude with selective spatial attention
were statistically diﬀerent from the ratio of the two ‘no
attend’ condition amplitudes in the same region. When
the inner region was attended (Fig. 3b, top panel), the
mfVEP amplitude was signiﬁcantly larger in that region
than in the ‘no attend’ condition (t ¼ 5:3, P ¼ 0:006).
The amplitudes of the other 11 regions were either un-
changed or reduced (P > 0:05). When the mid-region
was attended (Fig. 3b, middle panel), the mfVEP am-
plitude was signiﬁcantly larger in that region than the
amplitude in that region under the ‘no attend’ condition
(t ¼ 2:3, P ¼ 0:05). Unexpectedly, when the mid-region
was attended, the amplitude in the adjacent inner region
also signiﬁcantly increased (t ¼ 8:8, P < 0:001). Selec-
tively attending to the outer region (Fig. 3b, bottom
panel) did not increase the amplitude in that region;
however, mfVEP amplitude ratios were larger in the
adjacent unattended inner and mid-regions of the same
quadrant. Only the increase in the inner region was
statistically diﬀerent that the retest variability (t ¼ 10:73,
P < 0:001). There were no statistically signiﬁcant dif-
ferences in the accuracy of ﬂash counts for any of these
‘attend’ conditions.
3.3. Control experiments
Because central, steady ﬁxation is crucial in these
experiments, we examined the eﬀects of eccentric ﬁxa-
tion on mfVEP amplitude. In the ﬁrst control experi-
ment, the subject was instructed to maintain ﬁxation at
0, 0.5 or 1.5 from the center along the meridian of the
attended regions (Fig. 4a and b). The aim was to de-
termine if our results could be due to a shift in ﬁxation
in the direction of the attended region. We found that
the mfVEP waveform demonstrated a shift in latency
and/or a reduction in amplitude when ﬁxation was di-
rected eccentrically. This was most apparent in the re-
sponse in the inner region, where the waveform was
inverted when ﬁxating 1.5 eccentrically. That is, the re-
sponse in the inner region was now produced by a cor-
tical region above the midline (compare Fig. 4b with
Fig. 4. (a,b) Control experiments for eccentric ﬁxation. Only the VEPs obtained from one of the subjects are shown for the inner, mid, and outer
lower left regions. The subject ﬁxated centrally (solid lines), ﬁxated 0.5, or ﬁxated 1.5 from the center (dashed lines). (c) VEPs obtained when the
subject ﬁxated centrally (solid lines) or saccaded (dashed lines).
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Fig. 1c). We did not observe changes in latency of the
response, or response inversion, in any of our ‘attend’
conditions.
Secondly, we determined whether saccades toward
the attended region could account for our ﬁndings. The
subject was instructed either to maintain central ﬁxation
or to alternately saccade from the central ﬁxation point
to the outer edge of the inner ring and back, 10 times per
recording epoch. We found that eye movements during
the recording epochs changed the latency of the mfVEP
and/or decreased its amplitude (Fig. 4c). Therefore, if a
subject’s ﬁxation drifted toward the region to be at-
tended and back to the center during the ‘attend’ con-
ditions, lower amplitudes and shifts in latency for the
inner region would be predicted.
4. Discussion
In this study, we found that mfVEP amplitude in-
creased in the region where covert selective attention
was directed. There have been numerous reports that
spatially selective attention modulates VEP amplitude
(e.g., Di Russo & Spinelli, 1999; Di Russo, Spinelli, &
Morrone, 2001; Eason et al., 1969; Kutas & Hillyard,
1980; Luck & Girelli, 1998; Luck & Hillyard, 1990;
Mangun, 1995; Mangun & Buck, 1998; Mangun, Bu-
onocore, Girelli, & Jha, 1998; Mangun & Hillyard, 1987;
Morgan, Hansen, & Hillyard, 1996; Muller et al., 1998;
Rugg, Milner, Lines, & Phalp, 1987; Van Voorhis &
Hillyard, 1977). We found that the attention-related
amplitude increase was greatest for the region closest to
the center of the visual ﬁeld. The amount of attention-
related mfVEP amplitude increase diminished with in-
creasing eccentricity and at eccentricities beyond 10, no
modulation of amplitude by selective spatial attention
was observed.
Numerous studies have demonstrated attention-
related enhancement of VEP amplitudes using periph-
erally located isolated stimuli such as spots, letters, or
shapes (e.g., Belmonte, 1998; Eason et al., 1969; Eriksen
& St. James, 1986; Eriksen & Yeh, 1985; LaBerge, 1983;
LaBerge & Brown, 1986; Mangun & Hillyard, 1987;
Morgan et al., 1996; Muller et al., 1998; Neville &
Lawson, 1987; Teder-Salejarvi, Munte, Sperlich, &
Hillyard, 1999; Van Voorhis & Hillyard, 1977). Many of
these stimuli were produced by changing luminance
levels transiently and this would produce scattered light.
Therefore, the VEP responses evoked by these ﬂashed
stimuli may have had contributions from retinal areas
other than the area of interest. In other studies that used
patterned luminance grating stimuli (i.e., no change in
the spatially averaged mean luminance), either single
isolated visual ﬁeld areas were stimulated (e.g., Mangun
et al., 2001), or hemiﬁelds were stimulated (e.g., Di
Russo et al., 2001). Using these types of stimuli, it is
diﬃcult to map the concurrent spatial distribution of
attention and/or determine precisely which spatial areas
contributed to the attention related increases in VEP
amplitude.
In the current study we simultaneously recorded
mfVEPs from 12 regions and varied the spatial location
at which sustained, covert, selective attention was di-
rected. This allowed us to map the spatial distribution
of attention related VEP changes. We observed that
the increase in mfVEP amplitude was not limited to the
attended region but spread to adjacent regions along the
‘meridian of attention’. Response amplitudes in regions
outside of the meridian of attention were either reduced
or unchanged. The direction and magnitude of the
spread of activation depended upon the eccentricity of
the attended region. When the inner region was at-
tended, only the response amplitude in that region in-
creased. When the mid- or outer region was attended,
amplitude facilitation was also observed in the adjacent
more centrally located region(s). These ﬁndings are con-
sistent with the ﬁndings of Eriksen and co-workers
(Eriksen & St. James, 1986; Eriksen & Yeh, 1985) for
letters presented within the central 1.8. These authors
found that reaction time to letters presented at ﬁxation
always beneﬁted most from cueing and that the cueing
eﬀect decreased with eccentricity on either side of ﬁxation.
We also observed attention-related modulation of
mfVEP amplitudes beginning at 70 ms for the isolated
inner regions, but not for the mid- or outer region (Fig.
2c). Increases in amplitude were always greater for later
time periods (>120 ms) than for the earliest time period.
This ﬁnding of enhancement of selective VEP compo-
nents is consistent with past studies (Coull, 1998; Luck
& Hillyard, 2000; Mangun & Buck, 1998; Mangun &
Hillyard, 1987). It is also in agreement with fMRI work
that demonstrated that attention-related increases in
‘‘bold’’ signals can be retinotopically mapped in the vi-
sual cortex (Brefczynski & DeYoe, 1999; Guy, Ffytche,
Brovelli, & Chumillas, 1999; Hopf & Mangun, 2000;
Mangun et al., 1998; Martinez et al., 1999; Martinez
et al., 2001; Somers, Dale, Seiﬀert, & Tootell, 1999;
Tootell et al., 1998). Additional evidence for modula-
tion of extrastriate activity by attention using single
unit recordings has been reviewed by Maunsell and
McAdams (2000).
In summary, we demonstrated that the magnitude of
the mfVEP attention eﬀect is dependent upon the ec-
centricity and meridian of the attended target. These
eccentricity-dependent ﬁndings are consistent with basic
retinal and cortical anatomy as a function of eccentricity
(Curcio & Allen, 1990; Curcio, Sloan, Kalina, &
Hendrickson, 1990). They are also consistent with re-
ported changes in psychophysically measured spatial
and contrast processing (Rovamo & Virsu, 1979), with
the probability of detection during active visual search
(Motter & Belky, 1998), and with attentional visual
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ﬁeld-related decreases in the accuracy of target detection
as a function of increasing eccentricity (Ball, Beard,
Roenker, Miller, & Griggs, 1988; Mackeben, 1999; Sei-
ple, Szlyk, Yang, & Holopigian, 1996). Our data provide
support for theories of spatially focused attention when
the attended region is close to ﬁxation. When more pe-
ripheral regions are attended, there is a spread of at-
tention. These ﬁndings are consistent with a ‘top down’
modulation of striate and extrastriate responses but with
‘bottom up’ constraints imposed by the retinotopic or-
ganization of the visual cortex.
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